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Abstract 
An efficient micro-channel heat exchanger was designed which can be used for heat removal from components requiring micro level heat 
extraction. The heat exchanger is composed of 21 channels and each channel dimensions are 13 x 0.35 x 0.5 mm3. The channel walls were 
at no slip and constant heat flux conditions. Different gaseous fluids were considered for the best performance. Hydrogen gave most 
uniform flow distributions among the channels. The heat exchanger was designed and simulated numerically using the non symmetric 
pattern multi frontal finite element method for predicting the flow behavior. Four different geometries were proposed and simulated in 2D 
to find the best geometry in terms of flow distribution. The best geometry was investigated in both 2D and 3D for temperature 
distributions among the channels. Simulations demonstrated that the effectiveness of the micro-heat exchanger varies with pressure 
difference, inlet geometry and wall heat flux.  
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
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Nomenclature 
Cp  Heat capacity, J/Kg.K   
g             Gravitational acceleration, m/s2  
Kn          Knudsen number, Dimensionless   
k            Thermal Conductivity, W/m.K 
L            Channel Length, μm 
M           Mach number 
n            Channel number 
Remax      Maximum Reynolds number 
Tavg         Average Temperature, K 
Tmax        Maximum Temperature, K   
Vavg        Average Velocity, m/s 
Vmax       Maximum Velocity, m/s 
Wa         Channel wall width, μm  
Wc         Channel width, μm  
Greek symbols 
μ            Dynamic viscosity, Pa.s  
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            Density, Kg/m3 
Subscripts 
a wall  
c channel  
avg  average value 
max maximum value 
min minimum value 
1. Introduction 
It is quite obvious that over the past few decades and with the refinement of micro fabrication techniques, the use of 
micro-channels has become promising for a variety of industrial applications. Micro-channels continue to play an integral 
part in thermal management (microchip cooling, micro reactors) and energy systems (fuel cells, micro combustion) 
applications. Moreover, Energy conservation and sustainable development demands have been driving research efforts, 
within the scope of thermal engineering, towards more energy efficient equipments and processes. In this context, the scale 
reduction in mechanical fabrication has been permitting the   miniaturization of thermal devices,   such as in the case of 
micro-heat exchangers [1]. Recent review works [2, 3] have pointed out discrepancies between experimental results and 
classical correlation predictions of heat transfer coefficients in micro-channels. Such deviations have been stimulating 
theoretical research efforts towards a better agreement between experiments and simulations, through the incorporation of 
different effects that are either typically present in micro-scale heat transfer or are effects that are normally disregarded at 
the macro-scale and might have been erroneously not accounted for in micro-channels. According to recent statistics, a large 
proportion of field failures can be attributed to overheating, which in turn is caused by inappropriate thermal design. Uneven 
thermal maps and “hot spots” in ICs cause physical stress and reduce reliability.   
A number of techniques have been proposed in the literature for chip cooling. Initially Tuckerman and Pease [4] 
proposed micro channel heat sinks fabricated onto the back of a silicon chip substrate. Later on, other means were employed 
to cool the chips by: immersing the electronic chips in a pool of inert dielectric liquid [5], thermosyphons, where a liquid 
evaporates with applied heat and condenses dissipating that heat elsewhere, in a closed system [6], and heat pipes, where the 
liquid evaporates, condenses at another region and reaches the hot area through wick structures that line the heat pipes thus 
ensuring uniform distribution of heat [7]. These techniques are inherently unsuitable for compact, embedded systems. Thus, 
there remains a technology void and a pressing need for dynamically cooling hot spots in embedded ICs and compact 
packages used for portable applications. A wide range of research has been carried out on different processes and 
application. For instance, Kang and Tseng [8] developed a theoretical model for predicting the thermal and fluid 
characteristics of a cross flow micro-heat exchanger. In micro-structured devices, homogeneity of the fluid is very 
important. Tomonomura et al. [9] designed a micro device using CFD. The simulation illustrates that the uniformity of flow 
greatly depends on the geometry of the shape of micro channels. The present research effort was related to the fundamental 
analysis of flow behavior and forced convection within micro-channels. 
 
2. Design details 
To determine the best fluid distribution in terms of homogeneity of fluid flow in each of the parallel channels, various 
geometries were evaluated and studied and the best four convenient ones are stated here.  
2.1. Physical description 
The basic difference among the four proposed geometries was in the inlet and outlet shapes. Type-01 geometry has a side 
entrance and a triangular shaped fluid distribution (see Fig. 1(a)). In Type-02, the fluid inflow was in the central part and the 
distribution was also triangular. In the third proposal (Type-03), the distribution is of convex shape and central inflow. 
Type-04 geometry is of concave shape. All the inlet geometries are shown in Fig. 1.  
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Fig.1. Inlet shapes of different fluid distribution geometry (a) Type-01; (b) Type-02; (c) Type-03; (d) Type-04 
 
2.2. Boundary condition  
The flow simulations were done for fully developed inflow velocity, no slip flow at channel walls and zero relative 
pressure, no viscous stress at outlet.  
For temperature distribution, the boundary conditions were constant inlet temperature, constant heat flux at channel wall 
and convective flux condition at outlet. 
 3. Computational procedure  
3.1. Mathematical formulation 
The basic mathematical equations in determining the flow behavior through the micro-channel are Navier-Stokes 
equation for momentum conservation and continuity equation for mass conservation. 
                                                                                                                                                                                                     
For getting temperature distribution, law of convection and conduction for energy conservation was used. 
 
 
  
3.2. Assumptions 
In the present work, there were some assumptions made for simplifying the problem. The assumptions taken were: 
 Fluid flow (M=0.04) was incompressible. 
 Fluid was considered as continuum (Kn < 0.01) 
 The flow regime was laminar.      
4. Simulation 
The proposed geometries were simulated under the mathematical model which is governed by the coupled equations of 
continuity, momentum and energy and was solved by employing non symmetric pattern multi frontal finite element method. 
For the simulation purpose, Nitrogen and Hydrogen gas of inlet average velocity of 10 m/s was considered. The channel 
wall heat flux was taken as constant 10000 W/m2 and the inlet temperature of the gas was taken 300 K.  
The coupled governing equations are transformed into sets of algebraic equations using finite element method to reduce 
the continuum domain into discrete triangular domains. The system of algebraic equations is solved by iteration technique. 
The solution process is iterated until the subsequent convergence condition is satisfied: 
1 610m m  where n is number of iteration and  is the general dependent variable.  
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4.1. Grid independence test 
Several grid size sensitivity tests were conducted on Type-03 to determine the sufficiency of the mesh scheme and to 
ensure that the solutions were grid independent. The test was done with eleven different number of mesh elements. It was 
found that 111000 non regular elements were sufficient to provide accurate results. 
4.2. Code validation 
The present results were validated based on the problem of Vasquez-Alvarez et al. [12]. Some of the present results were 
compared with those reported in Vasquez-Alvarez et al. [12]. The comparison of the average velocity has been shown in 
Table 1. The present results have a very good agreement with the results obtained by Vasquez-Alvarez et al. [12]. 
              Table 1. Code validation for Type-01 
 
Channel no Average velocity(m/s) 
 present reference 
1 2.34 2.3 
5 2.50 2.45 
10 2.61 2.6 
11 2.63 2.65 
20 2.83 2.7 
 
5. Simulated figures 
5.1. 2-D simulations 
(a)         (b)  
Fig. 2. (a) Velocity distribution of Type-03 geometry; (b) Temperature distribution of Type-03 geometry 
 
5.2. 3-D simulations 
The Type-03 geometry is simulated for Hydrogen in 3-D at 400 Pa inlet pressure. The velocity and temperature 
distributions are shown in Fig. 3. The units of the geometry are in meter in figure 3. 
(a)         (b)    
 
Fig. 3. (a) Velocity distribution of Type-03 geometry; (b) Temperature distribution of Type-03 geometry 
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6. Results and discussion 
The proposed geometries were simulated using Nitrogen and Hydrogen as working fluid. The results found have been 
compared in figure 4 to figure 6.  
 
 
 
 
 
 
 
 
(a)          (b)    
 
 
 
 
 
 
 
 
 
 
             
 
           (c)                                             (d)    
 
 
 
 
 
 
 
 
 
 
 
    
    
     (e)     (f) 
 
 
Fig. 4. Velocity comparison for (a) Type-01; (b) Type-02; (c) Type-03; (d) Type-04; Temperature comparison for (e) Type-01; (f) Type-02 
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Fig. 5. Temperature comparison for (a) Type-03; (b) Type-04 
 
The results were taken at mid-length of each channel. It is evident from figure 4 and figure 5 that Hydrogen gave more 
uniform flow than nitrogen and also the temperature was lower among channels for hydrogen. So, velocity and temperature 
were compared for hydrogen in different geometries in figure 6.  
 
 
 
 
 
 
 
 
 
 
 
 
(a)  (b) 
 
   
Fig. 6. (a)  Velocity comparison for Hydrogen; (b) Temperature comparison for Hydrogen 
 
Except type-01, all the other three geometries gave almost same distribution (Fig. 6). However, distribution for Type-03 
is most uniform. So, Type-03 was simulated in 3D for Hydrogen at inlet pressure of 400 Pa. For comparison Type-03 
geometry was also simulated in 2D for same inlet pressure. The results obtained are given in Table 2.  
    Table 2: Velocity Distribution results 
 
Parameters Unit 2-D 
Nitrogen Hydrogen   
Type-01 Type-02 Type-03 Type-04 Type-01 Type-02 Type-03 Type-04 
Vmax m/s 15.18 15.00 14.98 15.00 15.21 15.00 15.00 15.00 
Remax Dimensionless 82.4 83.63 167.19 79.89 14.07 14.29 13.35 13.88 
P Pa 242.24 223.20 223.88 229.87 71.79 69.88 69.86 70.85 
Tmax K 529.96 530.11 531.38 536.83 484.29 474.57 474.83 476.69 
    2-D    3-D  
  Vmax Remax P Tmax Vmax Remax P Tmax 
Hydrogen  67.12 89.70 400 342.5 64.18 522 400 330 
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7. Conclusion 
The computational investigations of flow and thermal fields and heat transfer behaviors in a micro channel heat 
exchanger have been presented in this study. The channel walls were at constant heat flux of 10000 W/m2. Inlet fluid 
temperature was 300K. The results varied greatly with the working fluid and also with the geometries. After simulation 
process, velocity field, pressure difference, temperature distribution etc were analyzed for solutions of current field 
problems. Four geometries were analyzed and Reynolds number, pressure difference, maximum temperature etc. were 
obtained. Except Type-01, all other three geometries gave almost same results. So, any geometry of the three can be chosen 
depending on the embedding surface and manufacturing flexibility.  
It was found from the research that hydrogen gives better performance in all respects. Homogeneous flow distribution, 
less pumping work, low temperature rise in channels all these are obtained using Hydrogen as working fluid. Later on 
Hydrogen was simulated in 3D and compared with 2D. The results found from 2D and 3D were almost identical. There is 
scope for improvement by considering two phase flows in 2D and 3D simulations.  
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